One of the high-level goals of Galactic archaeology is chemical tagging of stars across the Milky Way to piece together its assembly history. For this to work, stars born together must be uniquely chemically homogeneous. Wide binary systems are an important laboratory to test this underlying assumption. Here we present the detailed chemical abundance patterns of 50 stars across 25 wide binary systems comprised of main-sequence stars of similar spectral type identified in Gaia DR2 with the aim of quantifying their level of chemical homogeneity. Using high-resolution spectra obtained with McDonald Observatory, we derive stellar atmospheric parameters and precise detailed chemical abundances for light/odd-Z (Li, C, Na, Al, Sc, V, Cu), α (Mg, Si, Ca), Fe-peak (Ti, Cr, Mn, Fe, Co, Ni, Zn), and neutron capture (Sr, Y, Zr, Ba, La, Nd, Eu) elements. Results indicate that 80% (20 pairs) of the systems are homogeneous in [Fe/H] at levels below 0.02 dex. These systems are also chemically homogeneous in all elemental abundances studied, with offsets and dispersions consistent with measurement uncertainties. We also find that wide binary systems are far more chemically homogeneous than random pairings of field stars of similar spectral type. These results indicate that wide binary systems tend to be chemically homogeneous but in some cases they can differ in their detailed elemental abundances at a level of [X/H] ∼0.10 dex, overall implying chemical tagging in broad strokes can work.
INTRODUCTION
Chemical tagging is among one of the more popular and high-level goals of modern Galactic archaeology. The power behind this technique, proposed nearly two decades ago (Freeman & Bland-Hawthorn 2002) , is that it asserts that we can determine the birth place of stars given their chemical composition alone. If possible, chemical tagging would enable us to both identify dispersed stellar clusters and accreted material. This makes chemical tagging a uniquely E-mail: keithhawkins@utexas.edu powerful tool to reconstruct the formation and evolutionary history of the Galaxy. The possibility of being able to carry out chemical tagging on an industrial level is one of the core motivations for investments in large spectroscopic surveys, which include the GALactic Archaeology with HERMES (GALAH, De Silva et al. 2015) survey, the Apache Point Observatory Galactic Evolution Experiment (APOGEE, Majewski et al. 2017) , the Large Sky Area Multi-Object Fibre Spectroscopic Telescope survey (LAMOST, Luo et al. 2015; Xiang et al. 2017 ) and the Radial VElocity Experiment (RAVE, Kunder et al. 2017) . While the prospects of chemical tagging is promising, doing it in practice is chal-lenging (e.g. De Silva et al. 2007; Mitschang et al. 2014; Ting et al. 2015; Bovy 2016; Hogg et al. 2016; Kos 2016) . This is partly because it is not clear whether the underlying assumptions of the technique are valid across the Milky Way (e.g. Ness et al. 2018) In order for chemical tagging to work, a few assumptions must be satisfied. Namely, it is required that stars that form in pairs, groups, or clusters are (i) chemically homogeneous, and (ii) unique from other groups. That is to say, while over time, the stars that formed in a given group or cluster may disperse spatially or kinematically, they will continue to belong to the chemically unique group that they were formed in. In this context, wide binaries are one of the best laboratories for testing the validity of these key assumptions that underpin chemical tagging.
Wide binaries are thought to be formed in a variety of ways. Those with separations between a hundred and a few thousand AU are thought to form primarily through turbulent core fragmentation (e.g. Offner et al. 2010; Lee et al. 2017) . Binaries with even wider separations, 0.01 to 1 pc, have been proposed to form through dynamical evolution of unstable triples (Reipurth & Mikkola 2012) , the dissolution of star clusters (e.g. Kouwenhoven et al. 2010; Moeckel & Clarke 2011) , or pairing of dynamically adjacent cores (e.g. Tokovinin 2017) . In most formation channels for wide binary systems, they are formed at approximately the same time (coeval) and from the same gas (co-natal). These two points make wide binaries not only useful to test the underlying assumptions of chemical tagging but have many additional astrophysical applications.
For example, wide binaries are often used for the calibration of the atmospheric and chemical parameters of stars that are difficult to analyze. M-dwarf stars have low enough temperatures (T eff < 4000 K) that their spectra contain many molecular features making them difficult to characterize. However, the metallicity (and chemical composition) of M-dwarfs can be determined if they have a wide binary companion that is easier to analyze (e.g. Mann et al. 2013; Lépine & Bongiorno 2007; Rojas-Ayala et al. 2010; Montes et al. 2018) , though temperature-dependent settling of metals in stellar atmospheres can complicate this (Dotter et al. 2017) . Wide binaries containing white dwarfs have been used to measure the ages of main-sequence companions Fouesneau et al. 2019 ) and determine the metallicity of the white dwarf's progenitor, which is useful for constraining the initial-final mass relation (e.g. Zhao et al. 2012; Andrews et al. 2015) . Beyond these, there are many other applications of wide binary stellar systems discussed in the literature (e.g. Poveda et al. 1994; Bahcall et al. 1985; Yoo et al. 2004; Shaya & Olling 2011; Garcés et al. 2011; Tokovinin & Lépine 2012; Alonso-Floriano et al. 2015; Peñarrubia et al. 2016; .
Critically, many of the applications of wide binaries rely on them being chemically homogeneous, co-natal, and coeval systems. This is expected based on early results (e.g. Gizis & Reid 1997; Gratton et al. 2001; Martín et al. 2002; Desidera et al. 2004 Desidera et al. , 2006 . However, Oh et al. (2018) , while exploring the detailed chemical abundances of wide binaries using high resolution spectra from Brewer et al. (2016) , found an example of wide binary systems where the metallicity (and other elements) differed as much as 0.20 dex, in a pattern that suggested accretion from rocky planetary material. This, however had been seen in several previous earlier studies on other systems which include: 16 Cygni (e.g. Laws & Gonzalez 2001; Ramírez et al. 2011; Tucci Maia et al. 2014, with variation in metallicity between the two on the order of 0.04 dex), XO-2 (e.g. Biazzo et al. 2015; Ramírez et al. 2015 , where the metallicity can vary between the pairs by as much as 0.10 dex), the WASP-94 system (e.g. Teske et al. 2016 , who found differences in the metal content of the binary pair at the level of 0.02 dex), and the HAT-P-4 system (e.g. Saffe et al. 2017 , who found 0.10 dex difference in the metallicity between the two component of this binary). More recently, Ramírez et al. (2019) , showed that there is a significant difference (∆[Fe/H] ∼ 0.17 dex) in the [Fe/H] and other elemental abundance ratios in the wide binary system HD34407-HD34426. For more discussion on the impact of these systems we refer the reader to the annual review of Nissen & Gustafsson (2018) and references therein. Each of these studies found differences between wide binaries ranging in size from 0.01 -0.20 dex. These results, along with other recent works (e.g. Simpson et al. 2018) , raised the question whether significant chemical variation between the components of wide binaries is common or unusual.
In the last couple of years, there has been much discussion in the literature centered on the identification and characterization of wide binary systems (e.g. Andrews et al. 2017; Oh et al. 2017 Oh et al. , 2018 Oelkers et al. 2017; Price-Whelan et al. 2017; Simpson et al. 2018; Andrews et al. 2019a ). High precision parallaxes and proper motions from the second release of the Gaia mission (Gaia DR2, Gaia Collaboration et al. 2018) have recently made it straightforward to construct large samples of high-confidence wide binaries (e.g. El-Badry & Rix 2018). With these newly discovered systems we are now in a position to begin to determine the level to which wide binaries are chemically identical or fraternal, thereby testing the fundamental assumptions of chemical tagging.
In this work, we preform a detailed chemical abundance analysis of a sample of wide binaries identified in Gaia DR2 covering range of separations in order to quantify the conatal, homogeneous assumption of chemical tagging. In order to do this, in section 2.1 we discuss the selection of comoving pairs from . We observed a subsample of these co-moving pairs and discuss the properties of the spectral data obtained in section 2.2. In section 3, we outline the process used to derive the stellar atmospheric parameters and detailed chemical abundance from the observational data. The results of this work in the context of recent literature on the chemical homogeneity of wide binaries is presented in section 4. Finally, in section 5, we summarize our results, showing that co-moving wide binary systems are chemically homogeneous at a level below 0.08 dex across all 24 elements studied.
DATA

Selecting Co-Moving Pairs from Gaia DR2
In order to determine the level of chemical homogeneity in co-moving binary stellar systems, we started with the 0.6 0.8
The absolute magnitude in the G band, M G , as a function of colour (BP − RP ) for the observed co-moving pairs which turn out to be chemically homogeneous (red circles where pairs are connected by solid lines) and those which have ∆[Fe/H] larger than 0.10 dex (blue squares where pairs are connected by solid lines). For reference, the absolute magnitude in the G band as a function of colour (BP − RP ) of the GALAH survey crossmatch with Gaia DR2 (with parallax uncertainties better than 10% and parallaxes larger than 1) is also shown as the grayscale background.
set of main-sequence/main-sequence (MS/MS) co-moving pairs identified in . We summarize the method of these authors here. In El-Badry & Rix (2018), the authors identified ∼ 50 × 10 4 MS/MS wide binaries within 200 pc with projected separations between 50 < s < 50000 AU with less than 1% contamination. After doing an initial quality control cut on the stars within Gaia identified with distances less than 200 pc, they do an initial search for companions around each star by (i) rejecting any companions whose parallaxes were inconsistent with that of the primary at the 3-sigma level, and (ii) requiring that the difference in the proper motions of the two stars in the pair be consistent with a bound Keplerian orbit. The authors then removed clusters, moving groups and higherorder multiples outside of pairs of two stars. For a more detailed discussion on the identification of wide binaries, the removal of higher-order multiples, and the expected contamination rate we refer the reader to section 2 of El-Badry & Rix (2018). We applied several additional cuts. In order to focus in this work on stars with similar T eff , as a way to reduce potential systematics in the derived parameters and abundances (e.g. Andrews et al. 2019b) , we required the difference between the G magnitude of both stars in the pair to be less than 0.30 mag and the difference in the GBP − GRP color to also be less than 0.05 mag. The majority of these pairs are part of the excess of photometric "twin" binaries with mass ratios near 1 discussed in . This led to an initial sample of 2948 stars across 1474 comoving pairs. Of these stars, we were able to observe 50 stars across 25 co-moving pairs at McDonald Observatory in January 2019 (more details in section 2.2). They were selected by prioritizing the bright stars while trying to span a range of projected separations. They were also selected to be far enough apart to minimize light from the companion entering the slit. These stars are typically brighter than G∼ 12 mag. A color magnitude diagram (in MG as a function of BP − RP for the observed co-moving pairs (red and blue circles) can be found in Fig. 1 .
High Resolution Spectra From McDonald Observatory
In order to quantify the level of chemical homogeneity, we observed 50 stars across 25 co-moving pairs initially identified in El-Badry & Rix (2018) with the Tull Echelle Spectrograph (Tull et al. 1995) on the 2.7m Harlan J. Smith Telescope at McDonald Observatory in early 2019. The sample size was selected to be comparable to current studies of comoving pairs of stars (e.g. Oh et al. 2018; Simpson et al. 2018; Andrews et al. 2019a ). These observations enabled us to obtain high-resolution (with a resolving power of R = λ/∆λ ∼ 60000) optical spectra. We also obtained standard calibration exposures (i.e. biases, flats, and wavelength comparison, ThAr, lamps). The spectra were reduced in the standard way including subtraction of the bias, dividing by the flat field, optimal spectra extraction and scattered light subtraction. In order to stitch the various echelle orders together, we did an initial continuum normalization assuming a fifth order spline function. These processes were done using the echelle package with IRAF 1 . Radial Velocity (RVs) for the spectra were determined by cross correlation with a solar spectral template with the iSpec package (Blanco-Cuaresma et al. 2014 ). If multiple spectra were observed for the same target, these spectra were co-added (after barycentric correction) in order to obtain the highest SNR possible. For all 25 pairs, the RVs, reported in Table 1 , of the two components are within a few km s −1 of one another and are thus consistent with bound Keplerian orbits. RVs were not used in selecting the wide binaries, so this validates their status as genuine binaries. The final reduced spectra have wavelength coverage ∼3500-10000Å over ∼60 echelle orders with some interorder gaps, particularly in the redder wavelengths. In Table 1, we report the basic observational properties (i.e. Gaia DR2 source identified numbers, sky positions, parallaxes, proper motions, radial velocities, photometry) of our sample. We also report the photometric T eff provided by Gaia (their teff val column, Andrae et al. 2018 ) in order to compare to the temperatures derived spectroscopically in this work. The typical uncertainty on the photometric T eff values derived from Gaia are on the order of σT eff ∼150 K.
We primarily obtained high signal-to-noise ratio (SNR > 60 pixel −1 ) for each star in the 25 co-moving pair in order to precisely quantify their chemical abundance pattern. We note that the typical (mean) SNR is ∼ 105 pixel −1 ensuring that we can obtain high fidelity chemical abundance estimates. In Fig. 2 we show sample spectra of 4 pairs. It is The Gaia DR2 source identifier of each star is given in column 1 with sky coordinates in columns 2 and 3. The associated wide binary component of each star is listed in column 4. The radial velocity and its uncertainty measured in our optical spectra are given columns 5 and 6, respectively. The signal-to-noise ratios (SNR), measured in at the continuum level at ∼5350Å, of our optical spectra are listed in column 7. The parallax and proper motion in RA and DEC are given in columns 8, 9, and 10, respectively. The G band magnitude and (BP − RP ) colour are given in columns 11 and 12, respectively. Finally the Gaia derived photometric temperatures (Andrae et al. 2018 ) are given in the last column. Here we show the observed spectra in the spectra region between 4870-4905Å of 4 wide binary systems shown as different colours. One component of the binary system is shown as a dotted line, while its companion is shown as a solid line. The difference in [Fe/H] between these spectra are also shown. The spectra of these representative wide binary systems are remarkably similar, except for WB16. As is shown this is one pair where the metallicity is different between the two stars by 0.13 dex interesting to already note that the spectra of the various pairs look remarkably similar.
STELLAR PARAMETER AND ABUNDANCE ANALYSIS
Stellar parameters were determined in an automatic fashion under the standard Fe excitation-ionization balance technique using the 'param' module of the Brussels Automatic Code for Characterizing High accUracy Spectra (BACCHUS, Masseron et al. 2016) code. Similar to Hawkins & Wyse (2018) , we used the version of BACCHUS which includes the MARCS model atmosphere grid (Gustafsson et al. 2008) , along with TURBOSPECTRUM (Alvarez & Plez 1998; Plez 2012) , which is used to generate synthetic spectra under the assumption of Local Thermodynamic Equilibrium (LTE). The atomic data (line list) are taken from the fifth version of the Gaia-ESO linelist (Heiter et al. 2019 (Heiter et al. 2019 ). The synthetic spectra produced using the above procedure are then compared via χ 2 minimization to the observed spectra. We note here that instrument, rotational, and macroturbulent broadening are also included during the spectral synthesis and derived by ensuring that the abundance determined from the χ 2 2 http://kurucz.harvard.edu/linelists/linesmol/ minimization matches the abundances determined using the core of the line ). The line selection for each element was done in the same way as in Hawkins et al. (2015) .
Under the standard Fe excitation-ionization balance procedure we derived the T eff by ensuring that there is no correlation between the abundance of Fe and the excitation potential of the lines being used. On the other hand, log g is derived by forcing no significant offset between the abundance of neutral Fe (Fe i) and that of singly ionized Fe (Fe ii). Further, the microturbulent velocity parameter ξ is determined by ensuring there to be no correlation between the abundance of Fe and the reduced equivalent width (REW, defined as equivalent width divided by the wavelength of the line). For this procedure we used up to 100 Fe i lines and 20 Fe ii lines. Individual abundances for 23 elements across the light/odd-Z (Li, C, Na, Al, Sc, V), α (Mg, Si, Ca, Ti), Fepeak (Cr, Mn, Fe, Co, Ni, Zn), and neutron capture (Sr, Y, Zr, Ba, La, Nd, Eu) families were derived using the 'abund' module within BACCHUS. This module derives abundances by first fixing the stellar atmospheric parameters to those derived as described using Fe excitation-ionization balance and then synthesizing spectra with different values of [X/H]. The reported [X/H] abundance was determined using a χ 2 minimization between these synthetic and observed spectra. For more details about BACCHUS, we refer the reader to Section 2.2 of Hawkins et al. (2015) . We note that the solar abundances from Asplund et al. (2005) are assumed. The total internal uncertainty in the derived abundances is important to quantify in order to determine with what precision we can conclude the chemical homogeneity of wide binary systems. In order to derive an estimate of the total internal uncertainty in stellar abundances, we follow Hawkins et al. (2016) where we first quantify the representative sensitivity of each of the chemical abundances to the uncertainty in the stellar atmospheric parameters (T eff , log g, ξ). This is effectively equivalent to propagating the uncertainty in the stellar parameters through to the chemical abundances. The sensitivity of the abundance ratios, [X/H], due to uncertainties in the T eff , log g, and ξ are then added in quadrature with standard error in the mean of the individual absorption features used to determine the abundance (e.g. Desidera et al. 2004 Desidera et al. , 2006 Yong et al. 2013; Roederer et al. 2014; Hawkins et al. 2016; Lucey et al. 2019) . We note here that, in principle, this method for estimating the uncertainty in the stellar abundances neglect the covariances between the stellar parameters and treats them independently (e.g. see McWilliam et al. 1995 , for a longer discussion on this). In Table 2 .
RESULTS AND DISCUSSION
In this section, we present the results of our stellar parameter and abundance analysis and critically focus on the difference in chemical abundance ratios, i.e. ∆[X/H] and ∆[X/Fe], between the two stars in the 25 wide binary systems. We also intermix these results with a discussion placing these results in the context of recent studies on the homogeneity of wide binary systems. We start by presenting the stellar parameters for each of the 50 observed stars in the 25 binary systems in section 4.1. We then move on to discuss the differences in the [X/H, Fe] abundance ratios for wide binaries compared to random pairings of stars in light and odd-Z elements (section 4.1), α elements (section 4.3), Fepeak elements (section 4.4), and neutron capture elements (section 4.5).
Stellar Atmospheric Parameters
The stellar atmospheric parameters and chemical abundances, denoted [X/H], can be found in Table 3 . More specifically, the derived stellar parameters, and their uncertainties are reported in the first eight columns after the identifiers in Table 3 . Typical errors in T eff , log g, [Fe/H], and ξ are approximately ∼40 K, 0.25 dex, 0.01 dex (line-by-line), and 0.06 km s −1 , respectively. Additionally, the chemical abundances (reported as [X/H]) for 23 elemental species for each star in our sample can also be found in Table 3 3 . These are determined by taking the median of the [X/H] abundances in 'clean' absorption features found by the BACCHUS 'abund' module.
The uncertainties of the reported [X/H] abundances in that table are derived by taking the standard deviation in the line-by-line [X/H] abundances and dividing by the square root of the number of lines used (i.e. the standard error in the mean). Where only one line is able to be measured the uncertainty is conservatively assumed to be ±0.10 dex. The total abundance uncertainty is determined by adding, in quadrature, the uncertainty in mean [X/H], which is reported in Table 3 , along with each of the typical sensitivities of the abundance ratio with respect to the stellar parameters, reported in Table 2 . The median total abundance uncertainty across all elements is on the order of ∼ ±0.08 dex.
In practice, for both chemical tagging and characterization of exotic (M-dwarf, white-dwarf, etc.) stars using wide binaries to work, the difference in [X/H], or conversely [X/Fe], between the two stars in the pair must be consistent with zero. In this case, both stars in the wide binary pair would be chemically identical. Therefore, the distribution of This can be thought of as a 'random pairing' of stars which also happen to have similar T eff . We choose only one star per pair to match with a random star to in order to consistently compare 25 random pairs to 25 wide binary pairs. This was done to compare the chemical homogeneity of random pairings of field stars of similar stellar parameters but not born together to those wide binary systems which are likely born together. For reproducibility, we have identified the random pair combinations used for this work in Table 3 . We also note here the key results do not change by using completely random pairs versus those which are random but also close-by in colour-magnitude space.
Focusing first on the wide binaries, in Fig. 3 we find that the distribution in ∆[Fe/H] is centered at ∆[Fe/H] ∼0.00 dex with a dispersion of 0.05 dex. We note however, that there is a component (which accounts for 80% of the sample, 20/25 systems) that is chemically homogeneous, with a median ∆[Fe/H] ∼0.01 dex and a dispersion of 0.02 dex and a second component (20% of the sample or 5/20 systems) of chemically similar, but not homogeneous, wide binaries with a median ∆[Fe/H] ∼0.11 dex and a dispersion of 0.04 dex. Fig. 4 shows the difference in [Fe/H] between wide binary pairs as a function of their separation. The projected separations are taken from El-Badry & Rix (2018). This figure indicates that the five systems which have ∆[Fe/H] > 0.10 dex are not at systematically larger separations compared to those which are chemically alike (with ∆[Fe/H] < 0.01 dex). In a forthcoming work, we will explore pairs with separation > 10 4 AU (Ting, Ji, Hawkins, in preparation This is consistent with and builds on what has been found in other studies (e.g. Desidera et al. 2004 Desidera et al. , 2006 Andrews et al. 2017; Andrews et al. 2019a) . Interestingly, in a smaller sample of 8 wide binaries, Simpson et al. (2018) found that abundance differences between components of wide binary systems observed in the GALAH survey are much more common. This could be due to the fact these authors compare wide binary pairs which have very different effective temperatures (∆T eff > 200 K). This is known to induce larger abundance differences (Andrews et al. 2019a) . It is possible that there are systematic issues with the T eff for the outlier population. Therefore, to ensure that the pairs with ∆[Fe/H] > ± 0.10 dex are reliable, in Fig. 5 , we show the difference in the [Fe/H] for each wide binary system as a function of the difference in the ∆T eff (top panel), ∆log g (middle panel), ∆ξ(bottom panel). We do this as a way to determine whether the outlier wide binary systems, which are different in [Fe/H] with ∆[Fe/H]> 0.10 dex, are a result of the systematics induced by the differences in the stellar parameters between the two stars. Fig. 5 show that there are no correlations between the difference in [Fe/H] and the differences in the remaining stellar parameters. Additionally, in Fig. 6 we show the spectroscopic T eff derived in this work as a function of the spectroscopic T eff . The median offset between the photometric and spectroscopic T eff is ∼60 K with a dispersion of 130 K. This offset is consistent with other (optical) spectroscopic T eff comparisons with photometric T eff scales (e.g. Bergemann et al. 2014) . Finally, in Fig. 2 , in magenta, we show the spectra of one of the wide binary pairs with ∆[Fe/H] > 0.10 dex compared with spectra from other wide binary pairs which are chemically homogeneous. The spectra between the two stars in WB16 (shown as the magenta solid and dotted lines) are significantly different in the strength of their absorption features, unlike the remaining wide binary pairs. This is to say the spectra for wide binaries that have ∆[Fe/H] > 0.10 dex are visibly different compared to those that are not.
Light/odd-Z elements (Li, C, Na, Al, Sc, V, Cu)
We determined the abundance of the light element Li using the absorption feature at 6707.8Å. Reassuringly, we find that the abundance of lithium, A(Li), of our stars follows a similar trend with T eff as expected for typical FGK dwarf stars, namely that A(Li) tends to decrease with decreasing T eff and plateaus above T eff ≤ 6200 K (e.g. Ramírez et al. 2012 ). In Fig. 7 , we show the abundance of Li, i.e. A(Li) = [Li/H] + 1.05 (where 1.05 is the solar Li abundance, Asplund et al. 2005) , for our wide binary stars in black compared to a sample of stars from the Galactic disk from Ramírez et al. (2012) . This figure illustrates two important points: (1) Our 5500 6000 6500
Hawkins+2019 (this work) Figure 7 . The abundance of Li, denoted as A(Li), as a function of T eff in K for our wide binary stars (shown in black), compared to a sample of stars from the Galactic disk from Ramírez et al. (2012) in in gray.
sample of wide binaries follows the typical trend in T eff dependent depletion as found in the Galactic disk, and (2) if one selects wide binaries with very different T eff it may not be expected for their A(Li), and therefore their [Li/H] or [Li/Fe], to be equal. This also may explain why the dispersion in ∆[Li/H] (and subsequently ∆[Li/Fe]) abundance ratios are larger than for other elements. Furthermore, we find that the typical difference in Li between the two wide binary pairs is ∆A(Li) = 0.00 with a dispersion of 0.09 dex. For the purposes of this discussion, we show in Fig. 8 the dispersion in the difference of [X/H], i.e. σ∆[X/H], as red triangles. Also shown in Fig. 8 is the typical total uncertainty (as black circles) and the dispersion in the difference of [X/H] for random pairs (orange triangles) instead of wide binaries (red triangle). In Fig. 9 , we also show the dispersion in the difference of [X/Fe], i.e. σ∆[X/Fe], for the wide binaries in this work (red triangles), the random pairs of stars (as orange triangles). Similar to Fig. 8 , we also show the typical uncertainty in [X/Fe], which we approximate as the uncertainty in [X/H] added in quadrature with the uncertainty in [Fe/H] for each star. We note here that this analysis does not account for possible covariances between the uncertainties in [X/Fe] and the stellar parameters. Therefore we caution that the uncertainties quoted in Fig. 9 are conservative. While we add this figure for completeness, we additionally caution that two random stars not born together as a pair in the Galactic thin disk can have very different [Fe/H] but very similar [X/Fe], because the dynamic range in [X/Fe] is on the same order (e.g. ∼0.10 dex) as the uncertainty in [X/Fe] (also on the order of ∼0.10 dex). This is why [X/H] is critically important for the purposes of chemical tagging.
These Fig. 7 ) and the random pairs have a large dispersion in T eff compared to the wide binaries. This T eff dependent Li depletion illustrates why Li should not generally be used for chemical tagging. Interestingly, the typical total internal uncertainty in Li is approximately 0.12 dex. We remind the reader this value is derived by adding in quadrature the standard error in the mean of the line-by-line abundances and the sensitivities of the abundance to the stellar parameters. This is in contrast to ∆A(Li) = -0.09 with a significantly larger dispersion of 0.29 dex if one compares each star with the closest star on the CMD, which is not its binary companion. We remind the reader this comparison is a way to quantify the expected difference between random field stars of similar T eff and log g internally using the results from our spectra.
C is a light element and is determined using a combination of molecular features (namely CH) and two atomic features (Nissen et al. 2014) . Using these C features, we were able to derive abundances for [C/H] and find that the typical difference between the two stars in the wide binary pairs is ∆[C/H] (∆[C/Fe]) = 0.02 (0.02) 4 with a dispersion of 0.09 (0.05) dex in [X/H] ([X/Fe]). This is in contrast to ∆[C/H] = -0.03 (0.02) with a larger dispersion of 0.32 (0.11) dex if we were to compare each star with the closest star on the CMD, which is not its binary companion. The median total uncertainty in [C/H] is 0.12 dex, dominated by the propagated uncertainty in [C/H] with respect to T eff . While there is a noticeable and significant spread of 0.32 dex in ∆[C/H] when comparing random stars of similar spectral type, we find an offset and spread well below the uncertainty for wide binary pairs consistent with wide binaries originating most often in clouds homogeneous in C. Na, Al, Sc, Cu, and V are all odd-Z elements. We determined the abundance of Na in each star using up to 4 absorption features. We find that the median difference in [Na/H, Fe] is 0.00 (0.00) dex with a dispersion of 0.06 (0.07) dex. This is in contrast to significantly larger differences, ∆[Na/H] = 0.06 (-0.01) with a dispersion of 0.33 (0.10) dex for the random pairs. For reference, the median total uncertainty in [Na/H] is 0.07 dex.
Similarly, for Al, we use up to 2 absorption features. The typical uncertainty in [Al/H] is ∼0.08 dex. For the wide binary systems studied here we find that the median ∆[Al/H] = 0.01 (0.00) dex and a dispersion in the difference in [Al/H], i.e. σ∆[Al/H], of 0.08 (0.08) dex. Similar results are also found in Sc where the ∆[Sc/H] = 0.03 (0.01) with a dispersion of 0.06 (0.04) dex. Note that the typical uncertainty in [Sc/H] is 0.09 dex. Significantly larger dispersion in ∆[Al, Sc/H] are detected for random pairs of stars.
Cu, much like the other odd-Z elements, we find to have a median difference in ∆[Cu/H, Fe] is 0.00 (0.00) dex with a dispersion in the difference of σ∆[Cu/H, Fe] is 0.08 (0.06) dex. With a median total uncertainty in [Cu/H] of 0.08 dex, the differences we find between wide binary pairs in [Cu/H, Fe] is likely a result of measurement uncertainty. On the other hand, for the random pairs of stars the median difference in ∆[Cu/H, Fe] is 0.00 (0.00) dex with a dispersion in the difference of σ∆[Cu/H, Fe] is 0.35 (0.13) dex. The latter indicating that there are measurable differences in [Cu/H, Fe] between random pairs of stars unlike for the wide binaries.
We determined the abundance of [V/H] using up to 9 absorption lines, which tend to have a relatively large scatter. This is evident by the 0.13 dex median uncertainty in [V/H] across all stars. Despite this, we find that the typical difference in [V/H] for the wide binaries studied here is 0.03 (0.00) dex with a dispersion of 0.14 (0.14) dex. As with the other elements, the median difference in [V/H] for the 'ran-dom pairs' is 0.06 (0.02) dex with a significant dispersion of 0.33 (0.11) dex.
In each of the light and odd-Z elements, it can be summarized that the median difference in the abundance of component A relative to component B of the wide binary is consistent with zero and has a dispersion less than the typical uncertainty. This is not the case for when we compare each star to its closest non-companion star in colour-magnitude space. This result is consistent with other studies (e.g. Andrews et al. 2017; Andrews et al. 2019a) , which find that typical variations in the odd-Z elements are consistent with measurement uncertainties. Of all the odd-Z elements, V is the species where we observe the largest variation for both the wide binaries and the random pairs. This result is likely due to larger uncertainty with which V is measured.
α elements (Mg, Si, Ca)
The α elements are those formed during the successive fusion of helium nuclei during the later stages of quasistatic nuclear burning in the inner regions of evolved massive stars. Additionally, Mg and Si play a major role in forming rocks for planets. These elements, which include Mg, Si, and Ca are thought to be dispersed into the interstellar medium by Type II supernovae. If wide binary systems are formed from chemically homogeneous, well-mixed, turbulent gas then it is expected that the differences in [Mg, Si, Ca/H] between the two stars in the binary system should be consistent with either the measurement uncertainty or the abundance spread for randomly chosen pairs. In Fig. 3 we show the difference in [Mg, Si, Ca/H] (in the top panel) and [Mg, Si, Ca/Fe] (in the bottom panel) for the 25 binary pairs observed in this work (orange) and the differences in these abundance ratios for each star and the closest star in the color-magnitude diagram that is not its companion (cyan).
We find the median difference in [Mg/H] to be on the order of 0.04 (0.02) dex with a dispersion equal to 0.10 (0.09) dex. We note however that the typical uncertainty in [Mg/H] is on the order of ∼0.15 dex. This is driven by the difficulty in the measurement of Mg which tends to be based on relatively strong lines in these spectral types. Despite this, the differences in [Mg/H, Fe] for the wide binaries are consistent with arising from measurement uncertainty. On the other hand, when comparing random parings of stars we find ∆[Mg/H] = 0.02 with a dispersion that is nearly 3 times larger (σ∆[Mg/H] = 0.29 dex). A larger dispersion is also observed for [Mg/Fe], where the dispersion in ∆[Mg/Fe] is 0.09 dex for wide binaries compared to 0.15 dex for random pairs.
The remaining α elements (i.e. Si, Ca) all have median differences in both [X/H] and [X/Fe] less than 0.02 dex. As shown in Fig. 8 and Fig. 9 , the dispersion in the difference in [X/H] for the wide binaries are 0.04 and 0.05 for Si, Ca, respectively. These values are similarly 0.04 dex for the dispersion of ∆[Si, Ca/Fe]. For reference the typical total uncertainties in the elements are 0.04, 0.07 dex for [Si/H] and [Ca/H], respectively. While the median difference in [X/H] are slightly larger for the random pairs of stars (∆[X/H] ∼ 0.05 dex) compared to the wide binaries, the dispersion of the difference in the [X/H] is several times larger (σ∆[Ca, Si/H] ∼ 0.30 dex). Such a large dispersion cannot be accounted for by measurement uncertainties alone in the case of the random pairs. Additionally, Fig. 9 illustrates that for the α-elements the dispersions in ∆[Mg, Si, Ca/Fe] are generally larger for the random pairs compared to the wide binaries.
Across all of the α elements, we find that for the wide binary systems the differences in [Mg, Si, Ca/H] abundance ratios are explained by the measurement uncertainties. This is also the case for [Mg, Si, Ca/Fe]. Among all of the α elements, we find the largest differences in the Mg, with ∆[Mg/H] = 0.05 ± 0.10 dex. This is likely driven by the larger uncertainties. Interestingly, this echos recent results from Andrews et al. (2019a) , who use the fourteenth data release from the infrared APOGEE survey (Holtzman et al. 2018) to study the chemical homogeneity of 31 wide binary systems. They concluded that of all of the α elements only Mg potentially shows genuine abundance differences, though they note that this could be a result of the uncalibrated log g for APOGEE dwarf stars. For the remaining elements, in line with recent work (e.g. Andrews et al. 2017; Andrews et al. 2019a) , we find that the wide binary systems are consistent at a level below ∼0.05 dex. 4.4 Fe-peak elements (Ti, Cr, Mn, Co, Ni, Zn) Other than iron, Ti, Cr, Mn, Co, Ni, and Zn represent elements near the Fe-peak. We note that Ti is often is classified in the literature both as an α and Fe-peak element. Ti is not directly formed through the successive addition of α particles, but rather through as a decay product of 48 Cr (e.g. Curtis et al. 2019) . Its observed chemical evolution displays similarity to both α and Fe-peak elements, but here we classify it as an Fe-peak element. These elements are thought to be formed and dispersed into the interstellar medium primarily through Type Ia supernova explosions (e.g. Iwamoto et al. 1999; Kobayashi et al. 2006; Kobayashi & Nakasato 2011; Nomoto et al. 2013, and references therein) . We find that in all Fe-peak elements the median differences in abundance ratios between both components of a wide binary, ∆ [Ti, Cr, Mn, Co, Ni, Zn/H] and ∆[Ti, Cr, Mn, Co, Ni, Zn/Fe] , are less than 0.03 dex. The dispersion in the ∆[X/H] for the wide binaries are 0.08, 0.04, 0.06, 0.09, 0.05, 0.05 dex for Ti, Cr, Mn, Co, Ni, and Zn, respectively. These are compared to the typical total uncertainties in these elements, which are 0.10, 0.09, 0.10, 0.10, 0.08, and 0.11 dex for Ti, Cr, Mn, Co, Ni, and Zn, respectively.
These values are sufficiently different and smaller than for random pairs of stars which are similar in spectral type. For example, while we find the median offset in ∆[Ti, Cr, Mn, Co, Ni, Zn/H] is similar to wide binaries the dispersions are significantly larger (σ∆[X/H]>0.30 dex). This is also the case for σ∆ [Ti, Cr, Mn, Co, Ni, Zn/Fe] , where they are typically 2-3 times larger for random pairs compared to wide binary systems.
These results suggest that in each of the Fe-peak elements the wide binary systems are chemically homogeneous, having differences below 0.03 dex. Additionally, the dispersions in the differences of the abundance ratios, σ∆[X/H, Fe], are consistent with the uncertainty for each element indicating that the distribution in abundance differences that we observe in our sample of wide binary stars is likely due to measurement uncertainty. We note that this is not the case if we were to compare 'random pairs' of stars in similar (and not similar) parts of the color magnitude diagram.
This result is consistent with earlier works (e.g. Desidera et al. 2004 Desidera et al. , 2006 , which suggest wide binary systems tend to be chemically homogeneous in Fe and Fe-peak elements. This is contrary to the results of a limited sample of 11 wide binaries studied using the GALAH survey (Simpson et al. 2018) . However, for a handful of stars in our sample we do find potentially significant (∆[Fe/H] ∼0.10-0.15 dex) differences in [Fe/H]. These systems tend to also be enhanced in the other Fe-peak elements. While this is not common, this can be indicative of the existence or accretion of planetary material in these systems. A difference of ∆[Fe/H] ≤ 0.14 dex in Fe-peak elements has been found in other systems (e.g. Koronos, HAT-P-4, HIP 68468, and others, Oh et al. 2017; Saffe et al. 2017; Meléndez et al. 2017) . Furthermore, Simpson et al. (2018) used the GALAH survey and found a higher prevalence (∼60%) of systems where the binary pairs differed in [Fe/H] by ∼0.10 dex or more. (Sr, Y, Zr, Ba, La, Nd, Eu) The neutron capture elements include those that are formed though slow (s-process) or rapid (r-process) successive neutron capture. These heavy elements are produced and dispersed into the interstellar medium in a variety of ways (e.g. asymptotic giant branch stars, supernova, neutron starneutron stars mergers etc. Nomoto et al. 2013) . We measure the elemental abundances of both s-process (Sr, Y, Zr, Ba, La, and Nd) and r-process (Eu) elements. We find that the median difference in ∆[Sr, Y, Zr, Ba, La, Nd, Eu/H] and their corresponding abundance ratios with Fe, are always less than 0.03 dex. The dispersion in the difference of the [X/H] ratios for the neutron capture elements, i.e. σ∆[Sr, Y, Zr, Ba, La, Nd, Eu/H] , are found to be 0.10, 0.09, 0.10, 0.11, 0.08, 0.07, 0.11, respectively. The typical uncertainties in these elements are 0.08 dex for Y and Nd, 0.09 for Zr, Ba, and La, and 0.13 and 0.15 dex for Eu and Sr, respectively. These typical uncertainties are slightly larger than for the α and Fe-peak elements due to the difficulty of measuring these elements. This is likely a result of the lack of many quality absorption features for several neutron capture elements. Despite this, we find that the distribution in ∆[Sr, Y, Zr, Ba, La, Nd, Eu/H] are very close to what is expected due to measurement uncertainties.
Neutron capture elements
Similar to the other elemental families, we find that random pairs of (non-companion) stars, whether chosen in a completely random way or selected to be in a similar part of the color-magnitude plane, are chemically different. While the median ∆[Sr, Y, Zr, Ba, La, Nd, Eu/H] is lower than 0.08 dex for each element, the dispersion in the difference is significantly larger (σ∆[Sr, Y, Zr, Ba, La, Nd, Eu/H] ∼0.35-0.40 dex). The dispersion in the difference of the [X/Fe] ratios for the neutron capture elements, i.e. σ∆[Sr, Y, Zr, Ba, La, Nd, Eu/Fe], are found to range between 0.08-0.12 dex with typical value of 0.10 dex for the case of the wide binaries. For the random pairs, the dispersion in the difference of the [X/Fe] ratios for the neutron capture elements, i.e. σ∆[Sr, Y, Zr, Ba, La, Nd, Eu/Fe], are found to range between 0.012-0.17 dex with typical value of 0.15 dex. As before, the random pairs of stars tend to have larger dispersions in ∆[Sr, Y, Zr, Ba, La, Nd, Eu/Fe] compared to the wide binaries.
The chemical differences of neutron capture elements has been studied in solar twins and wide binary systems (e.g. Teske et al. 2016; Meléndez et al. 2017; Simpson et al. 2018, and others) . These studies and surveys have shown that generally the neutron capture elements can vary as much as 0.1 dex between the two stars in wide binary systems, though often vary at much lower levels. Theoretical work on the homogeneity of the gas clouds from which wide binaries could form seem to suggest that if there are differences in the chemical abundance ratios, they should be as large (∆[X/H] ≤0.20 dex) in the neutron capture elements (e.g. Krumholz & Ting 2018) as in all other elements depending on their formation channel.
Our results indicate that while there are larger differences in the neutron capture elements (especially Eu), this is mostly likely due to the larger uncertainties with which we can measure these elements.
Chemical Inhomogeneity and the Prospects for Chemical Tagging
In the above sections, we present the chemical abundance distributions for light/odd-Z (section 4.1), α (section 4.3), Fe-peak (section 4.4) and neutron capture (section 4.5) elements in the 25 wide binaries. We also place the key abundance differences in the context of other studies. In order for chemical tagging to be viable, one would expect that wide binary systems that formed together are chemically homogeneous within the precision of measurement for each elemental abundance ratio. This is however not expected for random pairs of field stars, whether selected to be similar in T eff and log g or not. It is also not expected that wide binary systems formed through dynamical effects (resonance structure or tidal capture) be chemically alike. We find that most (20/25 systems) of the wide binary stellar systems studied here are of equal metallicity, within the typical uncertainties, with ∆[Fe/H]= 0.01± 0.02 dex. This result echos previous studies which have showed that wide binaries (Gizis & Reid 1997; Gratton et al. 2001; Martín et al. 2002; Desidera et al. 2004 Desidera et al. , 2006 or the larger open cluster cousins (e.g. Bovy 2016; Liu et al. 2016; Ness et al. 2018 ) are chemically consistent to a level of 0.02-0.04 dex, but that small variations could be present at below these levels.
Of the 25 systems studied, 5 have ∆[Fe/H]> 0.10 dex. These systems also tend to have the largest differences in the remaining elements studied. The reason for these observed chemical abundance differences can be related to several effects including the ingestion of (rocky) planetary material (e.g. Oh et al. 2017 ), atomic diffusion (e.g. Dotter et al. 2017) , mass transfer from the companion (e.g. Hansen et al. 2015) , or the formation of wide binary systems through exchange scattering, among other things. It is also possible that some of the chemically-discrepant pairs in our sample only appear as such because the wide binary is really a hierarchical triple, with one resolved component having an unresolved companion which contributes to the spectrum. Such systems are reasonably common -El-Badry & Rix (2018) estimated that roughly 20% of the wide binaries in their catalog contain a component with an unresolved companion bright enough to contribute substantially to the spectrum -and such unresolved companions can bias the derived abundances at the 0.1 dex level ). We do not attempt to determine which of these may be the cause of the metallicity discrepancy for the pairs where ∆[Fe/H] > 0.10 dex. However, we note that we did explore the detailed differences in ∆[X/H] with respect to the condensation temperature (Tc, Lodders 2003) . Correlations between Tc and the enhancement of [X/H] is thought to be indicative of rocky planetary accretion (e.g. Oh et al. 2017 , and references therein). In some cases, we see a reasonable trend between indicative of the accretion of rocky material, but not in all cases. This warrants a separate study. We note that the likelihood of forming these systems through exchange scattering is low enough to be negligible in the field population (for example, see equation 8 of Oh et al. 2017) . It is also not likely to be a result of atomic diffusion since these stars are close in T eff and log g. It is clear, however, that the bulk of the wide binaries (∼80%) are in fact chemically homogeneous. It will be critical to observe more pairs, either through dedicated observing campaigns or through large spectroscopic surveys, to (i) identify the fraction of chemically dissimilar wide binaries and (ii) to define the parameter space where chemically dissimilar wide binaries are more likely to be found.
SUMMARY
Wide binary systems represent a unique testing ground for not only the concept of chemical tagging but also for the methods used in the characterization of difficult-to-analyze stars (such as M-dwarfs or white dwarfs). One of the primary underlying assumptions of these techniques is that stars born together are chemically homogeneous. For chemical tagging to work, one would expect no differences in the observed [X/H] or [X/Fe] abundance ratios measured in both components of a wide binary systems born from the same gas cloud.
Early work done on wide binaries suggested that they may in fact be chemically homogeneous in [Fe/H], but other elements were still in question (e.g. Martín et al. 2002; Dotter & Chaboyer 2003; Desidera et al. 2004 Desidera et al. , 2006 . Recently, the advent of the large astrometric surveys, particularly the Gaia mission, have enabled the discovery of many new wide binary systems (e.g. Andrews et al. 2017; Oh et al. 2017; with which we can further test the prediction. Oh et al. (2017) , made it clear that not all wide binary systems are chemically homogeneous and can be dissimilar by as much as 0.10 dex. Follow-up work by Simpson et al. (2018) indicated that this may be as prevalent as ∼60% of wide binaries.
In this work, we obtained high-resolution (R∼60,000) high signal-to-noise ratio (SNR ≥ 60 pixel −1 ) spectra of 50 stars making up 25 wide binary pairs (section 2.2). These wide binaries were identified using Gaia DR2 and selected from the catalogue presented in El-Badry & Rix (2018). Using the collected spectra, we derived the stellar atmospheric parameters (T eff , log g, [Fe/H], ξ) for each stars and chemical abundances for 23 species across the light/odd-Z (Li, C, Na, Al, Sc, V, Cu, α (Mg, Si, Ca), Fe-peak (Ti, Cr, Mn, Fe, Co, Ni, Zn), and neutron capture (Sr, Y, Zr, Ba, La, Nd, Eu) families using the BACCHUS stellar parameter and abundance pipeline (section 3).
We compared both the [X/H] and [X/Fe] abundance ratios of both stars in the wide binary pair (their difference can be found in Fig. 3 and discussed in more detail in section 4). Results indicate that 80% of the sample (i.e. 20/25 wide binaries studied here) have been found to have equal [Fe/H] to within ∼0.02 dex while the remaining five systems have ∆[Fe/H]∼0.10 dex. In most of the elements studied the distribution of the difference in abundance ratios (in both ∆[X/H] and ∆[X/Fe]) between wide binary pairs are consistent with measurement uncertainty (which for most elements is on the order of σ[X/H] ≤ 0.08 dex across all elements). We also compared these to the differences in chemical abundance ratios between each star and the closest stars on the color-magnitude diagram which is not its binary companion, as well as random pairings of these field stars. As expected, wide binary systems are far more homogeneous compared to simple random pairings of field stars.
These results enable us to conclude that wide binary systems are likely to be chemically homogeneous though in some cases they may not be, consistent with other works (e.g. Desidera et al. 2006; Oh et al. 2017; Andrews et al. 2017; Andrews et al. 2019a ). This is encouraging for chemical tagging at the level of ∼0.08 dex for most elements. We predict that chemically inhomogeneous wide binaries may occur on the order ∼20% of the time. Larger samples of wide binaries, either through large spectroscopic surveys or better even high-resolution followup, will enable us to test this prediction (e.g. Andrews et al. 2017; Andrews et al. 2019a) . These samples will enable not only an extension of the current work, but may also enable us to determine under which conditions binary stellar systems are least likely to be chemically homogeneous, which will be critical to the success of chemical tagging.
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APPENDIX A: ONLINE TABLES
In order to ensure that this work is not only reproducible but also useful to the community, we provide here two online tables. In Table A1 we provide a small portion of a much lager table which collects the atmospheric abundances derived in this work for each star, elements, and absorption feature. We choose to only provide a short example of this in Table A1 for brevity. We note that the abundances of species X, denoted as log AX , are in the usual form where log AX = log N X N H where log NH is normalized to 12.00. In addition to the abundance information for each star, element and absorption line, we also provide the some basic atomic data (including the wavelength, inÅ, the log gf , and the excitation potential, in eV) for each line. References are also provided in the reference key column of Table A1 , which can be matched to Table A2 for the full citation. NOTE: This is a cut out of a long table which includes the of the derived stellar abundances (log A X , last column) for each line and elemental species and star discussed in this work. The name of the star is in column 1 while each elemental species, its wavelength, its log gf can be found in columns 2-4, respectively. We also indicate reference (through the reference key) where that atomic data (specifically the log gf ) was taken sourced. The reference key can be matched to exact reference through Table A2 .
